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PREFACE

The primary purpose of investigating the problem
presented in this thesis is to determine how the pilot
response time and tracking error vary with the complexity 
of the tracking mission. A secondary purpose is to attempt
to establish the effect of the complexity of the task on
the pilot’s transfer function.

When the airplane is considered a rigid body in 
space, its motion can be described in six degrees of free
dom. The three-dimensional flight equations that simulate 
the airplane are solved on the analog computer.

Gust inputs are originated by cam-driven micro
switches. The attitude of the airplane is described by an 
oscilloscope display to a pilot seated in a simulator cock
pit. The pilot attempts to maintain a desired attitude of 
the airplane by providing control inputs to the computer.
A progressive system of difficulty is used.

Successively for one, two and three tracking vari
ables, the response time and tracking error are recorded. 
The results are then analyzed.
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ABSTRACT

In the design of aerospace vehicles, a great deal 
of money and time can be saved by including a mathematical 
model of the human pilot in a closed loop system early in 
the design and experimentation period. In order to design 
a mathematical model, certain characteristics of the human 
pilot must be known. This thesis is an investigation of 
pilot response characteristics in multidegree-of-freedom 
tracking. A simulator was constructed from salvaged air
craft parts to form a cockpit mock-up with an oscilloscope 
attitude display and an analog computer to represent a 
transport-type aircraft. Disturbances were fed into the 
system by a wind gust generator through the use of cam- 
driven microswitches. Three experiments of progressively 
increasing difficulty in tracking were run with ten experi
enced instrument-rated pilots. Values were found for 
response times and tracking errors = Contrary to much of 
the literature on this subject, response time was not a 
constant. Tracking error increased many times faster than 
response time.

This study suggests that further investigation of 
a composite flight attitude display is warranted.

x



CHAPTER 1

INTRODUCTION

In the design of manned aerospace vehicles, the 
human pilot capabilities must be established early in the 
design phase. Due to the long lead times involved in 
today1s aerospace vehicles, it is impracticable and uneco
nomical to delay the consideration of pilot capabilities 
until the flight test stage as has been done in the past.

The human pilot performs two principal functions 
by his use of the vehicle control system:

1. He maintains a prescribed flight condition 
despite external disturbances that cause the vehicle to 
deviate from the given flight condition.

2. He is able to change the existing flight condi
tions when desired.

In maintaining a prescribed flight condition, the 
pilot is confronted with six tracking variables. The 
vehicle can undergo three angular displacements: pitch, 
roll and yaw. Also, the vehicle can undergo changes in 
three integrated position variables: forward, lateral and 
vertical displacements. The pilot must detect the devia
tion from the desired flight condition, interpret it and



make the necessary corrections to return the vehicle to 
its desired flight condition. The correction can be made 
by the pilot8s use of the vehicle8s control surfaces and 
the throttle. The throttle is used only when the displace
ments are large. When the displacements are small, the 
pilot uses only the vehicle control surfaces to correct 
the flight condition by adjusting the three angular dis
placements; pitch, roll and yaw. It is within this area 
that this thesis subject is concentrated, with the primary 
purpose to determine how the pilot response time and track
ing error vary with the complexity of the tracking mission.



CHAPTER 2

ANALYTICAL CONSIDERATIONS

In analyzing a flight control system, one must be 
concerned with the performance of the entire system. The 
flight control system is composed of many sub systems, one 
of which is the pilot. The flight characteristics of the 
vehicle are determined by the aerodynamic and structural 
parameters of the vehicle. These areas can be varied in 
the design to achieve the desired performance for the 
vehicle.

In the past, the time for design and analysis of a 
proposed vehicle has been greatly decreased by the use of 
electronic computers in the simulation of the complete sys
tem, less the pilot. The pilot characteristics were given 
little consideration other than what pilot experience the 
designer might have had or have gained from his conversa
tions with pilots. Once the prototype was produced, the 
pilot took his place in the closed loop and flight test 
started. As the pilot discovered areas of unsuitable char
acteristics, modifications were made at a very high cost.

More recently, a mathematical model of the pilot 
has been included in a closed loop to provide more complete
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data on the entire system during the design and analysis 
phase. A useful model of the pilot should provide accur
ate responses of the skills the pilot has learned in his 
flight training and from his flight experiences. It should 
react to a given input in a like manner each time this 
input is encountered. The model has the advantage of not 
having the personal idiosyncrasies that are always present 
in the human pilot. To acquire data with which to design 
a mathematical model of the pilot, one must consider the 
pilot’s use of the flight controls.

The pilot uses the flight controls to make changes 
in the positions of the elevator, ailerons and rudder.
These control surfaces control the orientation of the 
vehicle.

The reference system used in the derivation of the 
equations of motion was the wind-axis system. To arrive- 
at the wind axes, one starts with the body axes of the 
vehicle. The x and z axes of this orthogonal system lie in 
the plane of symmetry of the vehicle. The x axis is in the 
fore and aft direction with the positive sense forward.
The z axis is perpendicular to the x axis, up and down 
through the vehicle, with the positive sense downward when 
the vehicle is in a level and erect flight configuration. 
The y axis is perpendicular to the x z plane with the posi
tive sense determined by the right hand rule. By rotating



the body-axis system about the y axis through an angle 
equal to the angle of attack, , the resulting new axis 
system is the stability axes, xs, ys, zg. If the stability 
axes are then rotated about zg through jS , the angle of 
sideslip, then the x axis becomes aligned in the direction 
of the total vehicle velocity, Vp, actually in the direc
tion of the flight path. Since the xw axis is aligned 
exactly opposite to the relative wind, the resulting xw, 
yw , zw axes are the wind-axis system. The advantage of 
using the wind-axis system is that there are no components 
of the initial level flight velocity in the yw and zw 
directions (3 ).*

The orientation of the vehicle can be described by 
three consecutive ordered rotations known as the Euler 
angles. TJ/' , the yaw angle, is a rotation about the zw 
axis. Q  , the pitch angle, is a rotation about the yw 
axis, (j) , the roll angle, is a rotation about the xw axis.

The pilot controls y  with rudder deflection ( Sr )* 
O with elevator deflections ( 5e)» and 0 with aileron 
deflection ( Sa). Thus, a measurement o.f the pilot’s reac
tion time can be obtained from his use of the flight con
trols. A measurement of error can be obtained from the

* Numbers in parentheses refer to REFERENCES.



amount of deviation of the Euler angles from a reference 
position of the angles.

To establish the effect of the complexity of the 
tracking task on the pilot8s transfer function, these data 
can be applied to the mathematical model of the pilot.

Now, let us define the term "transfer function," 
Take a system that is initially quiescent: that is, the 
input is zero and the system is at rest in a state of 
equilibrium. After time zero (t>0), an input, x^(t), is 
applied and an output, Xg(t), takes place. The transfer 
function, G(s), of this system may be defined as the ratio 
of the Laplace transforms of the output to the input.
Note that the specification of an initially quiescent sys
tem eliminates any transient associated with nonzero ini
tial conditions (2). This method of determining a trans
fer function can be extended to more complicated systems.



CHAPTER 3

SIMULATOR CONSTRUCTION

The simulator was composed of two basic components, 
an analog computer with its related equipment (Fig, 3-1) 
and a cockpit mock-up with a D-C oscilloscope (Fig, 3•2). 
The oscilloscope display described the attitude of the 
vehicle to the pilot. It was placed on a table approxi
mately three feet from the pilot in the relative position 
of the windshield.

The seat and other aircraft parts were obtained 
from various aircraft at the 2704^^ Air Force Aircraft and 
Disposition Group, Davis-Monthan Air Force Base, Tucson, 
Arizona, and from existing equipment in the Aerospace and 
Mechanical Engineering Department,

The seat was adjustable vertically and horizon
tally, This enabled the pilots to adjust to the height of 
the oscilloscope and to achieve a comfortable position for 
natural manipulation of the controls.

The aileron and elevator movements were actuated 
with a "yoke'*, The yoke was welded to a shaft which was 
mounted in self-aligning bearings. A center-bored hole in 
one end of the shaft held the shaft of a linear potentiom-
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Fig. 3.1 Analog Computer with its 
Related Equipment

Fig. 3.2 Cockpit Mock-up with the Dual
beam Oscilloscope Display



eter. The potentiometer was supplied + 100 volts DC from 
the computer and the wiper reading was fed back to the 
computer as a Se input. This arrangement provided accur
ate measurement of Se by varying voltages« The shaft of 
the wheel on the yoke had a similar arrangement for accur
ately measuring ° The rudders were mounted on a fixed 
shaft and their movement was transmitted by a centered 
pick-up arm to a gear drive that in turn was connected to 
a linear potentiometer for accurately measuring <5V. By 
the use of linear springs, all the controls were held in 
the neutral position. An additional potentiometer was 
placed on one input line of each control potentiometer to 
provide a means of fine adjustment of the zero voltage for 
the neutral position. A cylindrical dampener was attached 
to the yoke for dampening the Se movement. The dampening 
was light due to the difficulty in providing more dampen
ing without causing heavy resistance to movement.

The most interesting and challenging problem 
encountered in the construction phase was that of the wind 
gust generator. The desired output was to have gusts, in 
the form of DC voltages, of varying intensity and duration 
in a random pattern but repeatable for each experiment.
The rise and decay times were to be less than 0.1 of a 
second so that the gust input could be used as a starting



10
point to measure pilot reaction time. A series of step 
functions with the above characteristics seemed to be the 
answer.

The initial try was made with a function generator. 
The function generator has a limitation in use. Each line 
segment is adjustable to provide a slope change of no 
greater than + 2 volts/volt of input. Therefore, it was 
impossible to set up a step function on this apparatus. As 
a solution, line segments with discontinuous changes in 
slope between segments were set up on the function genera
tor. The derivative of this function was taken using the 
computer. The resulting function approximated a step 
function but the rise and decay times were much greater 
than 0.1 of a second. Also, high-frequency "noise" was 
introduced in the differentiation. This made the curve 
ragged in the vicinity of the slope changes. The result 
was unsatisfactory.

The next tries were in the area of mechanical 
switching and electrical relays. In providing the acti
vating voltage to the relays, the problem of high- 
frequency noise was again encountered.

A successful solution to the problem was found 
using cam-driven microswitches (Fig. 3.3). Eight adjus
table cams driving eight microswitches were mounted in a 
frame. A 3 rpm AC electric motor was geared down to
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l/3 rpm at the cam shaft. Thus# one rotation of the cam 
shaft took 3 minutes, the desired length of each experi
ment. Eight different DC voltages were set up on one of 
the potentiometer strips of the computer and fed to the 
eight switches. The outputs of all the switches were 
summed on a summing amplifier on the computer. Next, a set 
of random number tables was used to select the order of 
fifteen chosen voltage levels of three different time inter
vals. Then, by applying the proper voltages to the 
switches and adjusting the cam throws to the desired time 
spacing, the fifteen voltages of three different dura
tions, 9» 12 and 15 seconds, were obtained.

The Moseley X-Y recorder was used to check the 
output (Fig. 3*4) and to measure the rise and decay times. 
The rise times averaged 0.06 of a second but the decay 
times averaged 1.5 seconds. By the inclusion of a resis
tance to ground on the output side of each microswitch, 
the average decay time became 0.06 of a second.
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CHAPTER 4

ANALYSIS AND EXPERIMENTAL EQUIPMENT SET-UP

The vehicle used in this study was a 100,000 lb. 
transport-type aircraft. The flight characteristics were 
obtained from Ref. 2 and are tabulated in Appendix A. As 
previously explained, the reference system used in the 
derivation of the equations of motion was the wind-axis 
system.

The equations of motion as used here have a number 
of assumptions made for convenience in obtaining their 
solutions. Initially, the aircraft was assumed to be in 
straight and level flight with no angle of attack. A 
theory of small perturbations was used. The perturbations 
were assumed to be small so that their squares and prod
ucts were negligible compared to first order quantities. 
Slightly more restrictive assumptions were made. The 
effects of spinning rotors were assumed negligible. All 
controls were assumed to be dynamically balanced. It 
should be noted that none of these assumptions is basic
ally necessary for the solution of airplane dynamics 
problems. Experience has proven them to be valid and when 
it appears necessary to do so, any of the terms that were

14
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dropped can be restored into the equations (2), The equa
tions, as listed in Appendix B, were represented on the 
computer as shown in Figs. 4-1 and 4.2. The , So. 
and Sr inputs for the equations were provided by the pilot 
actions in the cockpit mock-up.

The disturbances were supplied by the cam-driven 
microswitches in the form of voltages. Although the step 
function is a somewhat unrealistic wind gust, its use pro
vides satisfactory results since the extreme high frequen
cies are filtered by the aircraft which behaves as a low 
pass filter. The clearly defined initiation of the step 
function allowed for accurate measurement of response 
time.

The pitching mode gust was applied to the angle of 
attack. The gusts for roll and yaw were applied to the 
aileron and rudder, respectively. The pitching mode was 
the most responsive to the gust input. In addition, the 
magnitude of the pitch deflections was doubled on the 
oscilloscope display to provide a more clear indication of 
a change in pitch. In less than 0.1 of a second, the appli
cation of the gust was discernible to the pilot as a sharp 
jump of the oscilloscope display. To prevent a pilot from 
memorizing the gust pattern, the pattern could be reversed 
for any of the three modes by a simple switching arrange
ment as shown in Fig. 4.3.
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The gust applied to the angle of attack, ocw , was

summed with the aircraft angle of attack, A p to acquire 
the total angle of attack, oc A ̂ .w « This quantity was used 
as the angle of attack input in the equations of motion.

was summed with the aircraft aileron deflections, £a.A > to 
acquire the total aileron deflection, S*.A+W* This quantity 
was used as aileron deflection input in the equations of 
motion. The yaw gust was handled similar to the aileron 
gust. To centralize the wind gust generator controls and 
the error functions, one computer problem board was used 
for these calculations as shown in Fig. 4*3• The wind gust 
generator could be held in a zero output configuration for 
the pilot's "initial familiarization" with the simulator. 
Time was generated using an amplifier which had -90 volts 
applied as an initial condition. By supplying an addi
tional voltage to the amplifier and integrating, it was 
possible to vary the function with respect to time. An 
example is set forth to show the method used:

The gust applied to the aileron deflections, Sa.w >

t

o
V = At + B
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Boundary conditions
1. at t = 0 V - -90 volts 

B = -90 volts
2. at t = end of run V — +90 volts 

90 — At - 90

A = 180 t
The duration of each experiment was 3 minutes. Therefore,
A equalled 180/180 = 1.0 volts. For accurate timing of 
each experiment, a Hunter electronic timer was used. An 
amplifier was used to activate this timer.

In the establishing of an error function for the 
Euler angles, the use of the absolute values of the Euler 
angles was considered. Due to the number of amplifiers 
required in absolute value circuits, it was impossible to 
get the absolute value of each Euler angle with the remain
ing amplifiers. Since there were 6 remaining unused multi
pliers, the solution to the error functions utilized the 
multipliers and a minimum number of amplifiers.

As the controls are moved, the Euler angles fluc
tuate between plus and minus values. Therefore, it was 
essential to have an absolute value of the angles to get 
an accumulative error (10). To demonstrate the method 
used, the example of the pitch angle error function, <5̂ , 
follows:



t
6^ dt T = time duration of the exper- T o  r

iment was obtained by multiplying ©  by ©  and integrating
the result with respect to time. Upon completion of the
experiment, with the computer in the hold position, the
existing voltage of the integrating amplifier was read on -
a digital voltmeter. Then, the result was divided by the
time duration of the experiment. The error functions in
roll and yaw were similarly obtained.

A Sanborn 4-channel recorder was used in the three 
experiments to record data to be used in obtaining reac
tion time and to provide a continuing visual picture of 
the pilot's responses. Since the paper feed of the 
recorder was in mm. per second, an accurate time base was 
provided by the graduations on the recorder graph paper.
An example of part of a recording taken during experiment 
1 is shown in Fig. 4.4. The four variables recorded were: 
©, the pitch angle, <5g>, the elevator deflection, the 
wind gust generator output and —, a representative per-s
turbation velocity of the aircraft. Time increases from 
left to right on the graph. To visualize the method used 
in obtaining reaction time, look first at the wind output. 
At the point of a discontinuity in the wind output, actu
ally, the application of a gust, notice the discontinuity 
that occurs in ©. At this point, the pilot observed a
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Fig. 4.4 Example of a Recording from the Sanborn Four-Channel 
Recorder TVTV



sharp displacement of the horizon indicating line on the 
oscilloscope. By measuring from the relative point on the 
Se curve to the point where the correction was applied to 
compensate for this change in pitch, the reaction time of 
the pilot on the elevator, Re, was determined. Since the 
application of the gust appeared most clearly in pitch, 9 
was recorded during each experiment for the measurement of 
reaction time.



CHAPTER 5

THE THREE EXPERIMENTS

The three experiments were designed to determine 
the effect of the complexity of the tracking task on the 
pilot9s response time and tracking error. A survey of the 
literature in this field and numerous interviews with 
experienced pilots showed that pitch was considered to be 
the most critical attitude variable in maintaining safe 
flight. Therefore, pitch was selected as the parameter to 
be analyzed throughout this study as the complexity,of the 
tracking task increased.

Before starting the experiments, the pilot was 
briefed on the purpose of the experiments, the cockpit 
mock-up, the oscilloscope display and exactly what actions 
were required of him. Since all the pilots were experi
enced, instrument rated US Air Force and US Army pilots, 
the initial familiarization with the simulator was started 
with the use of all the control surfaces and the complete 
display on the oscilloscope. This provided the closest 
parallel to their experiences in actual flight and in the 
use of flight simulators. Once the pilot had become fami
liar with the control responses and stated he had "the

24



25
feel" of the simulator, gusts were applied and he was again 
given the opportunity to become familiar with the simulator. 
In addition, the pilot1s flying was closely observed to 
insure this familiarization prior to running the experi
ments . Before each of the three experiments, the pilot was 
briefed as to the particular tasks involved and given trial 
runs until he indicated he was ready to begin the experi
ment .

Experiment 1 involved controlling pitch alone.
This established a base for comparison of response time 
and tracking error. Sewas the only input from the cockpit 
mock-up fed to the computer. The computer arrangement was 
limited to the longitudinal equations. The vertical move
ment of the horizon indicating line was the only movement 
in the flight display on the oscilloscope. Wind gusts 
were applied to oc . O , <££, the wind gust generator out
put and ii, a representative perturbation velocity, were 
recorded throughout the experiment. At the end of the 
experiment. Eg was recorded.

Experiment 2 involved controlling pitch and roll. 
This is the first step in increasing the complexity of the 
tracking task. Se and were the inputs from the cockpit 
mock-up to the computer. "The computer arrangement included 
the longitudinal equations and portions of the lateral 
equations that pertained to roll alone. To exclude the
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effects of yaw, stability derivatives such as , kp r,
&/>$ * etc« were set equal to aero in the lateral equa
tions . The oscilloscope display consisted of the horizon 
indicating line moving vertically and rotating about its 
center. Wind gusts were applied to GC and S&. 0, Ses> <j> 
and were recorded throughout the experiment. £,e and 
8^ were recorded at the end of the experiment.

Experiment 3 involved controlling pitch, roll and 
yaw. The complexity of the tracking task was increased to 
control of three tracking variables. Se, <5aA and <5V* were 
the inputs from the cockpit mock-up to the computer. The 
entire longitudinal and lateral equations were included in 
the computer arrangement. The entire oscilloscope flight 
display was used. Pitch and roll were continued from 
experiment 2 and yaw was described by the inverted V, mov
ing horizontally. Wind gusts were applied to cc, Sa, and 
SY. 0, Sq S S o. a and SVA were recorded throughout the experi
ment. £s, £ ̂  and 8^-were recorded at the end of the experi
ment .



CHAPTER 6

DISCUSSION OF RESULTS

In doing experimental work where human beings are a 
key part in the production of the data obtained, a short 
discussion of the background of these pilots is warranted. 
In an effort to draw from a broad field of experience, a 
group of ten pilots, hereafter referred to as Pilots A 
through J, were chosen to perform the three experiments. 
Pilot data are tabulated in Table 0.4, Appendix C. The 
average pilot was thirty-two years old with nine years of 
flying experience and approximately 2800 hours of flying 
time. Backgrounds varied from Pilot H, who was qualified 
in helicopters only, to Pilot F, who was qualified in 
twelve types of jet and reciprocating, single and multi- 
engine aircraft. Generally, the ten pilots were in the 
following categories: four US Air Force jet and recipro
cating engine, five US Army fixed wing and helicopter, 
one US Army helicopter. With this varied sampling, it was 
felt that any peculiarities pertaining to certain types 
of flying would not heavily influence the data. However, 
the daily variations of the human, as well as the desire 
to excel in the eyes of his contemporaries, complicated

2?
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the process of obtaining data. An excellent example arose 
during the experiments. Pilot E had 4900 hours in a multi- 
engine aircraft similar in characteristics to the vehicle 
used in this study. Therefore# during the initial setting 
up of the simulator# he was asked to fly it and comment on 
its reactions based on his experience with this type air
craft. However# on the day Pilot E flew the three experi
ments for record# his response times and error functions 
were the highest of any of the runs he had made. A discus
sion with Pilot E brought out two possible causes that he 
thought might have contributed to his scores. He had not 
had a good night9s sleep and he was somewhat upset due to 
some problems he was having with a special project he was 
working on prior to flying the three experiments. In 
addition# he had received some friendly challenges from 
Pilots A# B and F about doing as well as they had done.

It should be noted that many of the pilots exhi
bited a keen interest in this study which was a great help 
in setting up the simulator and performing the experiments.

Each pilot received fifteen gusts per three minute 
experiment. However# there were never fifteen opportuni
ties to measure response time in any one experiment. This 
was due to various reasons. On some occasions# the pilot 
was already correcting in the direction required by the 
gust and he did not elect to increase the control
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deflection. There were a few gusts in practically every 
experiment that the pilot corrected in the wrong direction, 
sensed his error and then made the proper correction.
There were occasions when the pilot was "overcontrolling" 
the aircraft, causing greater disturbances than the gust 
input. His correction was that required by the self
induced attitude of the aircraft and not by the attitude 
due to the gust input.

An average of nine clear corrections of 5® per 
experiment was available for computing response time. 
Experiments 2 and 3 provided an average of four clear So. 
corrections per experiment. No response time for SVcould 
be acquired since only a very few well-defined corrections 
were evident on the graphs. This was most likely due to 
the aircraft being very stable in yaw and that the gust 
application to the rudder did not provide a clearly defined 
deflection on the inverted V on the oscilloscope display. 
Since Sg response time was the primary parameter, the data 
were considered acceptable.

Previous experimentation (1) has determined that a 
pilot’s response time is .375 seconds. This time con
sists of two factors commonly referred to as delay time 
and neuromuscular lag. Delay time is from the time a pilot 
detects a change in attitude until the time he is ready to 
correct for it. Generally, .25 seconds is attributed to



delay time. Neuromuscular lag is the time required for 
his muscular reaction and .125 seconds is a common value 
for this. It was not within the capabilities of these 
experiments to differentiate between delay time and neuro
muscular lag. Therefore, only response time, the sum on 
the two, was calculated.

Appendix C. The changes in response times and error func 
tions, as the tracking tasks became more complex, are 
graphically portrayed in Figs. 6.1 and 6.2.

by first averaging the response times of the pilot during 
each experiment. These results, with the corresponding 
error functions, are listed in Appendix C. The arithmetic 
mean of the data from the ten pilots was calculated using:

The standard deviation from the arithmetic mean was calcu
lated using:

Since the pilot sampling was so broad within the area of 
experienced instrument rated pilots, any other sampling 
from the same general area would have its arithmetic mean 
and standard deviations very close to the ones arrived at

The results of the experiments are tabulated in

The data for the response time curve were computed
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here. Also, two thirds of any similar sample would come 
very close to falling into the region of Mx t 0̂. as depic
ted by the zone on the graphs in Figs, 6.1 and 6.2.

The mean response time in elevator control, , in
0

Experiment 1 was ,368 seconds. Since a deviation of ten 
milliseconds could very well be hidden in the width of the 
curve traced by the stylus, this was not considered a def
inite difference from the .375 seconds previously mentioned. 
The .368 seconds was considered acceptable and was used as 
a base for comparison in the remainder of this study. An 
interesting point arose in this experiment. The commonly 
believed theory that younger pilots have better reaction 
times was not substantiated here. Pilot F, with a signif
icantly lower response time of .341 seconds was the oldest 
pilot tested. However, as previously mentioned, he was the 
most experienced; in variety of aircraft, had the greatest 
number of flying hours, and had been flying for the most 
number of years. Pilot D was the second youngest pilot 
tested, the least experienced in variety of aircraft, hours 
of flying, years of flying. His response time of .393 sec
onds was the highest for the first experiment.

The error function values were visually compared to 
the graphs of © to insure that the values were comparable 
to the amount of deviation from zero of the Euler angle, ©. 
The error function, S®, values were considered acceptable.
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in Experiment 2, was .374 seconds. With the 

required division of attention between pitch and roll, a 
small increase was expected. An interesting 1 .Vfo increase 
in S q showed that even though response time changed very 
little, a large change in error function accompanied the 
more complex tasks = The pilot was unable to achieve the 
previous perfection in returning the vehicle to the desired 
attitude, when he had to divide his attention between two 
tasks.

In determining the mean response time in aileron 
control, Mfta, Pilots I and J did not have clearly defined 
responses. Both appeared to be making continuous changes 
of So. without significant pauses in the neutral position. 
However, was computed from the other eight pilots.
The value of .406 seconds seems to bear out the theory 
voiced by many experienced pilots, "First, take care of 
what might kill you and get the rest as soon thereafter as 
possible.15 This figure was considered acceptable as was 
the error function in roll,

in Experiment 3, was .390 seconds. Since 
pitch, roll and yaw control were required, the increase was 
expected. This value was considered acceptable. S $ 
increased slightly more than it did from Experiment 1 to 
Experiment 2, 8.2% compared to 7.1%. Since the distur
bances in yaw were not clearly visible, the pilot9s
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attention was not divided in the same proportion as it was 
from Experiment 1 to Experiment 2. Mjja and increased 
due to the increasing complexity of the tasks. The values 
of 0.413 seconds and 7,901 degrees rms were considered , 
acceptable.

Experiment 3 provided one of the most interesting 
results of the entire study. Pilot I, who had done very 
well in the first two experiments, got himself into a 
severe case of "overcontrolling" the aircraft. During 
approximately two minutes of the experiment, his self
induced attitudes were so large compared to gust-caused 
attitudes, he accounted for over one-third of the total £ e 
and of the total

One of the limitations of the simulator was clearly 
evident here. As Pilot I stated, "In an actual aircraft,
I would have gotten off the controls for a few seconds and 
the aircraft would have done better by itself. Then, I 
would have resumed my flying." This could not be done in 
the simulator when the attitude was greatly different than 
straight and level flight.

The arithmetic means were computed for all experi
ments, including Pilot I. Since his error functions in 
Experiment 3 were not included in Mx + 3(7xs> it appeared 
that the data would be more representative if he were
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excluded. Therefore, the final calculations in all three 
experiments exclude Pilot I and are based on the remaining 
nine pilots.

Comparing the simplest tracking task, Experiment 
1, to the most difficult tracking task. Experiment 3, 
reveals a 5•9% increase in and a 15.9% increase in £ s„ 
These results show that tracking error increases approxi
mately three times faster than response time as the com
plexity of the tracking tasks increases.

The effect of the complexity of the tracking task 
on the pilot9 s transfer function can be partially deter
mined by the results of these experiments, For the mathe
matical model to accurately simulate the human pilot, its 
transfer function must have different response times for 
each tracking variable. In addition, consideration must be 
given to the rapidity and accuracy with which the model 
returns the vehicle to straight and level flight. The 
graphs of the pilots8 responses showed an increase in 
secondary corrections applied after the initial response, 
as the complexity increased. Therefore, the mathematical 
model should not merely return the Euler angles to zero.
The model should correct enough to cause a slight over
shooting and continue to correct until stabilized in the 
neutral position, similar to the human pilot. Also, the 
model should have a minimum threshold level similar to that



of the human pilot. With this feature, very small distur
bances would not cause the initiation of corrections. In 
general, the increase of the complexity of the tracking 
tasks greatly complicates the pilot9s transfer function.

It should be noted that the results of these exper
iments were based on the pilot9s performance when a com
posite display, rather than the six primary flight instru
ments, was used to describe the attitude of the aircraft.



CHAPTER 7

CONCLUSIONS

In summary, certain definite conclusions and some 
strong trends can be abstracted from this work. Through 
the use of certain assumptions, the equations of motion can 
be conveniently solved on an analog computer. This simula
tion of an aerospace vehicle can provide some valid infor
mation about the human pilot. There exists within the 
human pilot, regardless of his flying experience, a time 
delay which varies with the complexity of the tasks he is 
performing. This is in direct contrast to most literature 
written on the subject of pilot response characteristics, 
which suggest that response time is a constant. In addi
tion to the time delay, the experienced pilot concentrate§ 
his attention primarily on the pitch of the vehicle and 
secondarily on the roll and yaw. There exists the possi
bility that the response time in roll is not any different 
than in pitch. The difference exhibited in this study 
could be merely that the attention devoted to roll was 
enough less than that devoted to pitch to cause a signifi
cant increase in roll correction response time. The 
tracking error increases many times faster than the

38



response time as the tracking tasks become more complex.
There is enough evidence to warrant further study

in the area of composite display of flight attitude in
aerospace vehicles. An interesting extension of this work 
would be to perform the same experiments using the six 
primary flight instruments rather than the composite dis
play and then compare response times and tracking errors.

It is hoped that the data presented in this study
can be helpful in more clearly defining the role of the
human pilot in a closed loop system.



APPENDIX A

PARAMETERS OF THE EXPERIMENTAL AIRCRAFT 
(NOTATION IS THAT OF REFERENCE 2)

Weight - 100,000 lbs.
Wing area - 1,667 sq. ft.
Mean aerodynamic chord - 15.4 ft.
Aspect ratio - 7
Altitude - 30,000 ft. /O - 0.000889 slugs/ft3.
Velocity - 500 mph - 733 fps - Uq
iA = 3.69 iB = 1,900 ic = 9.22 iE = -0.39
CLo = 0-25
Longitudinal mode:

/^= 272 0.0105 sec.
Jt = 7.70 ft.

6̂ xn.— -0.03 76 %c~ 0
C>oc= 4-0.14 Czm* = -4.20
Cg lc== 0 (''m OC = —0.408

oc = 0 p. ~ -22.9
^z<= -4*90 ~ 0

= 0 -0.72/radian
Cg = -0.24/radian
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Lateral mode:

38.8 t*= 0.0737 sec.
/  = 54.0 ft. £ = 108 ft.

'U II -0.168 °i =

r II 0 =
+0.192 Csn 0 —

+0.0939 =

C^X = -0.047

II -0.43

II +0.0702 C -sV =
0

-0.17

= -0.040/radian



APPENDIX B

EQUATIONS OF MOTION (NOTE - FOR A DETAILED DEVELOPMENT OF 
THESE EQUATIONS, SEE CHAPTER k, REFERENCE 3)

Longitudinal mode:

'•££‘■0 ~ C-X-&)

= -<rr\  t t" * = _ ^ _  = JL- = __
p  S  £  £.u-0 zc0 ~ k  /i S  H g

O  = t~  J L  j zc = 2<=-
ZCe

■A , ^ 4̂. . X ^4. + ^ y-ce. CX" —
y- M. -- —OZ<„

tC — (2 x 24 4" cc
9- Ci. c.o

A z r  = O./f =

ir oc = ~f~ O. / / <2.
5“

^ v- = = -  ; ° 37^ ___ - - a
«̂, TT^sTT tsJ)

/ (ŷ -̂ /i xr is' ~ ~ O* O G> G

— ~t~ & -jy xr- "*" %/" oc
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(-? C.0 "Ci iz) ^ D - C^^OC
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/O S & 'U.o 22 <7 /oSZ 22o

at: = - %  -f 22g cc -#- x? 5 z2o Se. +
/rr\. <3 xyy\_ <̂  z>rv
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=  - a / / 9 j  x / o ~ 3 

/O A 2ir = — O. 03 3S

A ^ t A i c c  =  C 2 rc ^  5  u °  =  - ^  ^ o ) ( . O O Q 3 3 <i ) ( / 6 6 > 7 ) ( 7 3 3 )
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3 <2. £.
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Lateral mode:
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APPENDIX C 

DATA FROM THE THREE EXPERIMENTS

Table C.l. Experiment 1.

Pilot Reseconds 8® 2 (volts)

A .374 4.605
B ,364 3.944
C .371 4.214
D .393 4.561
E .375 3.550
F .341 3.050
G .376 7.084
H .363 7.322
I .363 1.939
J *357 3.325

MR = 0,368 seconds G~Re = O.OI36- seconds
Mfcd = 2,438 degrees rms <^@ = 0.3710 degrees rms
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Table C.2 Experiment 2,

Pilot ^e
seconds

S*
(volts)2

Ra
seconds

6# 
(volts)2

A .372 4.780 .410 284.5
B .356 3.633 .413 67.70
C .383 5.604 .412 120.5
D .385 4.878 .430 58.59
E .376 4 0 844 . 413 42.72
F .353 3.402 .403 3.372
G .393 10 0 48 .374 46.01
H .379 6.575 .417 133.0
I .388 3.242 ? 155.3
J .371 4.025 ? . 127.4

= 0.374 seconds = 0.0123 seconds
= 2.612 degrees rms Cee = 0.4572 degrees rms
= O.4O6 seconds 
= 5.202 degrees rms
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Table C.3• Experiment 3•

Pilot Reseconds e* 0(volts)
Ra

seconds 0(volts) (volts j*

A .387 4.098 .418 57.65 14.45
B .381 4.217 .425 88.32 19.81

. C .379 5.700 .374 106.2 22.94 ‘
D .396 5.198 .425 191.2 51.64
E .398 5.938 ? 141.7 35.79
F .341 6.476 .382 163.7 41.72
G , 426 11.03 .390 351.8 76.45
H .387 6.497 ? 494.3 86.08
I .365 37.50 .368 1033 137.8
J .418 6.755 .478 300.9 265.6

M^e = 0,390 seconds <Jrq- 0,0230 seconds
Mge = 2.826 degrees rms (/ge = 0,4130 degrees

m s
- 0.413 seconds3,

Mg^ = 7.901 degrees rms
Mg^= 4.264 degrees rms



Table C«4 Pilot Data
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Qualification

A 30 7 1900 450 1300 1500 150 250 T-33; F-102,-106; C-47
B 30 10 3000 500 2500 2800 200 T-33; F-86,-101
C 34 5 1500 150 1350 700 200 400 200 0-1; U-6; CV-2; 

OH-13,-23; UH-1
D 29 5 1100 150 950 900 200 0-1; U-6; OH-13,-23
E 32 11 5500 2000 3500 200 400 4900 T-6,-28,-33; PA-18; C-47,-119,-121
F 37 15 5700 2100 3600 400 1100 4200 T-6,-11,-28,-29,-33; P2V; F-47,-51; 

B-25,-26; C-45,-47
G 34 11 2200 500 1700 1150 300 500 250 0-1; U-6,-8; L-21; 

0H-13; CH-21
H 26 4 1450 200 1250 500 950 OH-13,-23; UH-1,-19; 

CH-21
I 35 10 2500 500 2000 1700 500 300 0-1; U-6; L-21; . 

OH-13,-23; UH-19
J 33 10 2000 500 1500 1600 400 0-1; U-6; OH-13,-23
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